ABSTRACT. In order to understand the effect of grain moisture of inbred lines at the silking and physiological maturity stages on kernel 2 Y.L. Qian et al. Genetics and Molecular Research 15 (3): gmr.15038151 dehydration rate, 59 maize inbred lines from six subgroups were selected. Grain moisture was measured and QTLs associated with kernel dehydration were mapped. A rapid dehydration evaluation and association analysis revealed eight inbred lines with faster dehydration rate, including Yuanwu 02, K36, Zhonger/O2, Lo1125, Han 49, Qi 319, Hua 160, and PH4CV. A single sequence repeat analysis using 85 pairs detected five QTLs with phenotypic variation contribution ≥10% in the permanent F2 generation populations Zheng 58 x S1776 and Chang 7-2 x K1131, which had LOD threshold values ≥ 3 in both 2013 and 2014. The chromosome region of qFkdr7b had not previously been reported and is preliminarily identified as a new major QTL. A false positive field verification of grain dehydration rate of 53 inbred lines indicated that the screening result of the rapid dehydration inbred lines by specific amplification with marker Phi114 was most similar to the field assessment result, followed by markers Phi127 and Phi029. The rapid dehydration lines selected based on primer Phi114 amplification were also similar to the field dehydration rate and can thus be used for molecular marker-assisted selection. A significant effort is needed to improve stress resistance and shorten the growth period via fast kernel dehydration in intermediate materials of the inbred lines K36, Zhonger/ O2, Lo1125, Han 49, Hua 160, and PH4CV, and further using the selected lines for new combinations.
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INTRODUCTION
Maize (Zea mays L.) is a staple food for the majority of the world's population. It is also used as a key feed and industrial material. High quality maize is very competitive and has a broad market scope. In order to achieve a labor-saving production, mechanized harvesting is adopted and extended every day. However, high moisture kernels during the harvest may decrease maize quality, causing severe economic loss (Cao et al., 2013) . After full ripening, the endosperm line shifts downward and disappears gradually, and a black kernel layer emerges when dry matter accumulation reaches the maximum, entering the physiological maturity stage. The dehydration rate at the physiological maturity stage determines kernel moisture and the maximum discrepancy in kernel moisture exists between different inbred lines and cultivars (Sala et al., 2006; Csiba et al., 2013) . In 1910, Miller and Hughes, for the first time, reported that late maturing maize cultivars have a higher moisture content during harvest (Miller and Hughes, 1910) . In the following 70 years, subsequent studies in the field progressed slowly, due to the complicated biological mechanism of maize kernel dehydration rate (Troyer and Ambrose, 1971; Hunter et al., 1979) . With the development of biological science and technology, at the beginning of the 21st century, great advances were made in physio-chemical mechanisms, inheritance, variation, and molecular mechanisms (Zhang et al., 2007; Reid et al., 2010; Frascaroli and Landi, 2013) .
Rapid dehydration of physiologically mature maize kernels may reduce the moisture content to a minimum, facilitating safe storage of maize (Ragai and Loomis, 1954) . A number of studies have investigated the kernel dehydration rate of local hybrids (Cavalieri and Smith, 1985; Jin et al., 1997) . However, the use of fast dehydration inbred lines in the production of maize has still not been implemented (Xiang et al., 2012) . At present, a large number of studies have been conducted to identify and genetically analyze the dehydration rate of maize hybrids, and significant progress has been made. The maize grain dehydration rate at the late dough stage is influenced by external meteorological factors (Jin et al., 1997) . A dehydration rate of maize varieties with grain moisture content equal to or higher than 30% following physiological maturity has been shown to be related to air temperature (Schmidt and Hallauer, 1966) . Short husk and good peel permeability were shown to be conducive to rapid dehydration of maize grains (Crane et al., 1959) . Rapid dehydration maize varieties exhibit high grain dehydration rates from physiological maturity to harvest and the dehydration rate was shown to be controlled mainly by additive genetic effects (Hallauer and Russell, 1962 ). The MIMYCS model for monitoring differences in grain moisture content between various maize varieties can be used to predict the occurrence of disease and the optimal prevention and harvest time (Maiorano et al., 2014) . There are many relevant results mentioned relating to the grain dehydration rate. For example, a heritable trait at 30-51 d post silking is shown (Zhang et al., 2007) . From the perspective of QTLs, the study found 40 quantitative trait loci (QTLs) controlling for grain moisture content at four stages, using recombinant inbred lines between N04 and Dan 232 (Li et al., 2014) . B73 x H99 test cross groups and detected QTLs controlling for grain moisture content were found on chromosomes 2 and 3 (Frascaroli et al., 2007) . Six F 2:3 groups and 11 mapped QTLs related to grain moisture content have been collected (Blanc et al., 2006) . Thirteen QTLs in KW1265 x D146 test cross groups have been detected whose contribution rates to grain moisture content were above 10% (Melchinger et al., 1998) . BC 1 F 1:2 groups with FR1064 x GE440 were constructed and used to obtain five QTLs controlling for grain moisture content among which the effect values of a QTL on chromosome 6 reached 14% (Robertson-Hoyt et al., 2007. Among F 3:4 groups and 10 QTLs controlling for grain moisture content, the effect value of one QTL on chromosome 4 reached 20% (Moreau et al., 2004) . According to the comparative analysis with our study results, preliminary mapping results of qFkdr2b and qFkdr2d detected in our study were consistent with QTLs found by both Stuber et al. (1992) and Sala et al. (2006) . The mapping results of qFkdr3a and qFkdr3c detected in our study also agreed with the QTLs found in previous studies (Ho et al., 2002; Capelle et al., 2010; Wang et al., 2012; Xiang et al., 2012) .
Thus, screening of fast kernel dehydration inbred lines could be of great significance for maize production. In order to provide theoretical basis for screening of fast kernel dehydration cultivars, we conducted a measurement of grain moisture and mapped QTLs associated with kernel dehydration, using 59 maize inbred lines.
MATERIAL AND METHODS

Experimental materials
We used 59 shares of maize inbred lines, classified into six subgroups: PA, BSSS (Reid) , Lyuda Red Cob (Lyuda Red Cob and its derivatives), PB, Lancaster, and Tangsipingtou (Tangsipingtou and its derivatives).
Experimental design
A randomized complete block design was adopted for the experimental design. Each plot contained a five m-long row with a spacing of 60 cm between rows and an inter-plant spacing of 25 cm. The experiment was replicated thrice. In each plot, ten cobs were randomly selected and marked for measurement of cob moisture content at the silking and physiological maturity stages. For the cob moisture measurements, we used the inbred lines cultivated in the field at the Maize Research Centre, Anhui Academy of Agricultural Science at Ledong Li Autonomous County of Hainan Province in the winter 2013, and at Funan County of Anhui Province in the summer 2014.
Measured items and methods
The traditional drying method is not suitable for rapid detection of kernel moisture content. Instead, a moisture determination metric, which reveals kernel moisture via detection of electric capacity variation, has been developed (Reid et al., 2010) . This method was listed in the International Seed Testing Protocol in 2003. In this study, an SK-300 moisture determination meter (The Japanese SANKU meter manufacturer, Tokyo, Honshu) was selected for the measurement.
Data analysis
All data were analyzed using Mapmaker/EXP 3.0 (Lincoln et al., 1993a) , Mapmaker/ QTL 1.1 (Lincoln et al., 1993b) and Microsoft Excel 2007.
RESULTS
Construction of a fast kernel dehydration evaluation method for maize inbred lines
The moisture content discrepancy of inbred lines at the physiological maturity stage in Ledong in 2013 and Funan in 2014 was used to evaluate the fast dehydration character. If the mean of specific genotype was lower than the population mean, i.e., moisture content ≥ 0, the inbred lines were regarded as fast dehydration inbred lines.
Ten shares of inbred lines were selected as fast dehydration inbred materials, accounting for 16.9% of the total material tested (Tables 1 and 2 ). Of these, the Yuanwu 02, K36, Zhonger/O2, Lo1125, Zao 49, Qi 319, Hua 160, and PH4CV lines assumed an evaluation score higher than 1 in both 2013 and 2014.
The analysis of the evaluation scores at different growth stages showed that the inbred lines with lower moisture at the physiological maturity stage are commonly fast dehydration materials, whereas those lacking a significant difference in moisture content between the silking and physiological maturity stages belong to the slow dehydration lines (Figures 1 and 2 ).
Mapping QTLs associated with kernel dehydration rates in inbred lines
In 2012, inducer powder from two F1 cross combinations, stock6 x Cauho inducer 1 and MT041 x KMS1105, was utilized to induce haploids with the two F1 cross combinations Zheng 58 x S1776 and Chang 7-2 x K1131. Until the putative haploid plants had grown to the 3-5-leaf stage, a doubling was performed by dripping a semi-lethal dose of colchicine (1 mL) at the base of each plant. A total of 237 DOUBLED HAPLOID F2 permanent Zheng 58 x S1776 plants and 275 DOUBLED HAPLOID F2 permanent Chang 7-2 x K1131 plants were obtained. In the summer of 2014, the kernel dehydration rates of these plants at the silking and physiological maturity stages were measured. Associated QTLs were detected for preliminary mapping, using 85 maize Simple Sequence Repeat (SSR) molecular marker published by the International Maize and Wheat Improvement Center (85 core SSR markers used in maize fingerprinting at ABC, CIMMYT, Mexico). Considering both the phenotypic observations and the SSR results, five QTLs with a phenotypic explanation rate ≥ 10% were obtained, using the LOD ≥ 3 threshold. This provides useful information for the detailed mapping of QTLs associated with fast kernel dehydration (Figure 3) . QTLs for maize fast kernel dehydration were detected by interval mapping. The presented LOD plots were obtained using the means of trait scores in 2013 and 2014. Linkage groups and the QTLs qFkdr2b, qFkdr3a, and qFkdr7b from Zheng 58 x S1776, qFkdr2d and qFkdr3c from Chang7-2 x K1131 designations are indicated. The significance threshold for interval mapping was determined at LOD ≥ 3 and the distances in cM are indicated.
False positive testing of the linkage molecular marker
False positive testing of the five identified QTLs was performed on 53 natural population shares. The specific fragment of primer Phi127 for the Zheng 58 x S1776 and Chang 7-2 x K1131 populations could be amplified from the inbred lines Yuanwu 02, K36, Jiu 03, Fu 96, Guan 17-1, A632, Hua 160, PH4CV, 87-20, 444, Lu 65, Ji 880, Huobai, Ji 63, Huangzaosi, Huangyesi, CML67, 13A/O2, Yi 67, and 785. The specific fragment of primer Phi029 for the Zheng 58 x S1776 and Chang 7-2 x K1131 populations could be amplified from the inbred lines Yuanwu 02, K36, Zhonger/O2, Lo1125, Zao 49, A632, Hua 160, and PH4CV. The fragment specific to primer Phi114 for the Zheng 58 x S1776 population could be amplified from the inbred lines Yuanwu 02, K36, and Da MO. The screening result of rapid dehydration inbred lines exhibited the highest consistency with the field assessment result of dehydration rate using the specific amplification with marker Phi114, followed by markers Phi127 and Phi029.
DISCUSSION
In our study, the fast kernel dehydration lines have a lower moisture content at the physiological maturity stage. Because a discrepancy in growth period may affect the general evaluation of the samples, the population standard deviation was used to investigate the effect of growth period on kernel dehydration rate in our study. We found that the kernel begins to dehydrate prior to the physiological maturity stage and that the dehydration rate was not significantly affected by environmental factors at this stage in our study. Fast dehydration varieties share a high dehydration rate in physiologically mature kernels, and the heritability is approximately 77% (Brooking, 1990) . When inbred lines with low moisture content at the physiological maturity stage from isolated populations were analyzed for their general and specific combining ability, the additive effect was found to contribute more than the non-additive effect when genetic composition had been selected (Sweeney et al., 1994) . At days 30 and 51 post silking, kernel moisture content is not heritable, suggesting that kernel dehydration rate is not a heritable character (Zhang et al., 2007) . It has also been reported that kernel moisture character can be passed to the progeny mainly in an additive manner (Xiang et al., 2012) .
Based on an analysis of both domestic and foreign achievements, a large number of studies have studied maize grain dehydration rates. The grain dehydration rate of 142 maize elite inbred lines, local inbred lines, inbred lines improved during different periods, introduced lines, and high-generation breeding materials bred by the Maize Research Center of Anhui Academy of Agricultural Science, was determined in the field and eight rapid dehydration inbred lines were screened with the established grain dehydration assessment method (Xiang et al., 2012) . From 2013 to 2014, permanent F2-generation doubled haploid groups were constructed, for the analysis of genetic diversity of 446 SSR primers and preliminary mapping of QTLs of rapid dehydration traits in maize grains. According to the comparative analysis, preliminary mapping results of qFkdr2b and qFkdr2d detected in our study were consistent with QTLs found by both Stuber et al. (1992) and Sala et al. (2006) . The mapping results of qFkdr3a and qFkdr3c detected in our study also agreed with the QTLs found in previous studies (Ho et al., 2002; Capelle et al., 2010; Wang et al., 2012; Xiang et al., 2012) . However, the chromosome region of qFkdr7b, which was preliminarily identified as a new major QTL, had not yet been reported. The false positive field verification of grain dehydration rate of the 53 inbred lines showed that the screening result of rapid dehydration inbred lines by specific amplification using marker Phi114 exhibited the highest consistency with the field assessment of dehydration rate, followed by markers Phi127 and Phi029. In this study, using Zheng58 x S1776 doubled haploid groups, from the genetics and molecular biology perspective, genetic analyses of rapid dehydration traits in S1776 inbred lines were performed. Rapid dehydration genes were then mapped, deepening our theoretical understanding for the genetic mechanism of rapid dehydration of maize grains. In future studies, several molecular markers suitable for breeding rapid dehydration maize varieties could be developed, with the aim to promote the application and development of rapid dehydration maize inbred lines and enriching the basic theoretical system for rapid dehydration of maize inbred lines.
In this study, eight inbred fast kernel dehydration lines, including Yuanwu 02, K36, Zhonger/O2, Lo1125, Zao 49, Qi 319, Hua 160, and PH4CV were selected, considering both the fast kernel dehydration and the associated analysis. To build on the fast dehydration character, the inbred lines used here can be used for cross testing. The specific amplification of primer Phi029 is in accordance with field phenotypic observation results and can thus be used for marker-assisted selection. Primers Phi127 and Phi114 may be useful for finescale mapping of QTLs associated with the fast dehydration character, for further functional analysis of candidate genes. Under the high temperature and high humidity conditions in the North China Plain summer, the selected lines K36, Zhonger/O2, Lo1125, Zao 49, Hua 160, and PH4CV can be used as intermediate materials for improving resistance and shortening the growth period. Use of the inbred lines with the fast kernel dehydration character for cross testing can also improve kernel appearance and color, further enhancing the apparent quality and economic benefits of the maize kernels. Moreover, it can decrease the kernel moisture content to within the safe preservation range quickly, in a labor-and cost-saving manner. To conclude, selection of maize resources and parental materials with fast kernel dehydration characters is in accordance with the mechanized harvesting trend in modern agriculture and is a very promising prospect.
